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Abstract: 
 Evaporative co-crystallization of MCl (M = Na, K, Rb, Cs) with BiOCl in aqueous HCl produces 
double salts: MxBiyCl(x+3y)•zH2O. The sodium salt, Na2BiCl5•5H2O (monoclinic P21/c, a = 8.6983(7) Å, b = 
21.7779(17) Å, c = 7.1831(6) Å, β= 103.0540(10)°, V = 1325.54(19) Å3, Z = 4) is composed  of zigzag 
chains of µ2-Cl-cis-linked (BiCl5)n2n– chains. Edge-sharing chains of NaCln(OH2)6−n octahedra (n = 0, 2, 3) 
are linked through µ3-Cl to Bi. The potassium salt, K7Bi3Cl16 (trigonal R−3c, a = 12.7053(9) Å, b = 
12.7053(9) Å, c = 99.794(7) Å, V = 13951(2) Å3, Z = 18) contains (Bi2Cl10)4– edge-sharing dimers of 
octahedra and simple (BiCl6)3– octahedra. The K+ ions are 5- to 8-coordinate and the chlorides are 3-, 4-, 
or 5-coordinate. The rubidium salt, Rb3BiCl6•0.5H2O (orthorhombic Pnma, a = 12.6778(10) Å, b = 
25.326(2) Å, c = 8.1498(7) Å, V = 2616.8(4) Å3, Z = 8) contains (BiCl6)3– octahedra. The Rb+ ions are 6-, 8-, 
and 9-coordinate, and the chlorides are 4- or 5-coordinate. Two cesium salts were formed: Cs3BiCl6 
(orthorhombic Pbcm, a = 8.2463(9) Å, b = 12.9980(15) Å, c = 26.481(3) Å, V = 2838.4(6) Å3, Z = 8) being 
comprised of (BiCl6)3– octahedra, 8-coordinate Cs+, and 3-, 4-, and 5-coordinate Cl−. In Cs3Bi2Cl9 
(orthorhombic Pnma, a = 18.4615(15) Å, b = 7.5752(6) Å, c = 13.0807(11) Å, V = 1818.87(11) Å3, Z = 4) Bi 
octahedra are linked by µ2-bridged Cl into edge-sharing Bi4 squares which form zigzag (Bi2Cl9)n3n– ladders. 
The 12-coordinate Cs+ ions bridge the ladders, and the Cl− ions are 5- and 6-coordinate. Four of the 
double salts are weakly photoluminescent at 78 K, each showing a series of three excitation peaks near 
295, 340, and 380 nm and a broad emission near 440 nm. 
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1. Introduction 
Bismuth compounds have begun attracting increased attention in environmental applications 
[1-4]. Bismuth(III) is not regarded as toxic, a surprising fact given its placement in the periodic table 
amongst toxic heavy metals such as Hg, Tl, and Pb. Bi(III) ions offer potential environmental benefits as a 
result of their aqueous photochemistry. Solid Bi(III)-containing catalysts have been shown to form 
electronic holes when irradiated with near-UV or even visible photons. These holes result in the 
formation of radicals such as OH• and O2•− in solution [5,6]. These radicals can, in turn, enable the 
destruction of organic pollutants through hydrogen atom abstraction. Radical formation is a surface-
based solid state process, often using water-insoluble compounds such as BiOX (X = Cl, Br, I), which have 
relatively low-energy band gaps [7-9]. However, under acidic conditions, the BiO+ ion is unstable toward 
hydrolysis. Therefore, we undertook an investigation of the double salts that are formed when aqueous 
Bi(III) reacts with alkali cations in the presence of chloride. 
To date, the structural reports of alkali(I)/bismuth(III) chloride double salts that have appeared 
in the literature are fairly limited. Double salts having formulas Li2BiCl5•6H2O, Na2BiCl5•4H2O, 
K2BiCl5•3H2O were reported back in the 1960s [10,11]. However, no structural data were given for any 
of these species. Since then structures have been reported for Cs2NaBiCl6 [12,13], 4K3BiCl6•2KCl•K[H3F4] 
[14], K4Bi2Cl10•4H2O [15], and Cs3Bi2Cl9, the latter having been identified in two phases: orthorhombic 
[16,17] and hexagonal [17]. An ammonium double salt, (NH4)3BiCl6, has also been structurally described 
[18]. There are also numerous structural reports of tetraalkylammonium, pyridinium, and related 
chlorobismuthates(III) in the literature [19-28]. These studies reveal a remarkable array of 
chlorobismuthate(III) structural types in which Bi(III) is always in octahedral coordination, but with 
varying degrees of Cl bridging. These structural types include isolated monomeric, dimeric, tetrameric, 
and polymeric chlorobismuthate(III) anions (Chart 1). 
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Chart 1. Some chlorobismuthate(III) arrangements. 
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Herein we report the results of double salt crystallization studies of BiOCl in aqueous HCl with 
MCl (M = Na, K, Rb, Cs) in water. The resulting double salt crystals, which are no longer water soluble, 
exhibit various structural types and show low temperature photoluminescence.  
 
2. Materials and Methods 
2.1 Reagents: BiOCl and alkali chlorides from Acros and Fisher Chemicals, and were used as 
received.  
2.2 Methods: Atomic absorption spectroscopy was carried out using a Perkin-Elmer AAnalyst 
700 instrument in the flame mode at 223.1 nm. Samples were diluted in 5% HCl to a range of 5.00 to 
25.0 ppm Bi. Thermogravimetric analyses (TGA) were conducted using a TA Instruments Q500 in the 
dynamic (variable temp.) mode with a maximum heating rate of 50 oC/min. to 800 oC under 60 mL/min. 
N2 flow.  
2.3 Syntheses. 
Na2BiCl5•5H2O, 1. BiOCl (260 mg, 1.00 mmol) was dissolved in 4.0 mL of conc. HCl. NaCl (117 mg, 
2.00 mmol) was dissolved in 4 mL of deionized water. The BiOCl solution was filtered to remove traces 
of Bi2O3, and then was added drop-wise into the NaCl solution, producing a clear, colorless solution. The 
solution was allowed to partially evaporate over two days in a Petri dish. Clear, colorless blade crystals 
were isolated (482 mg, 0.923 mmol, 92.3%). Bi AAS calcd. 40.0%. Found 38.4%. TGA Calcd for 
Na2BiCl5•2H2O: 89.7%. Found: 90.1% (35–95 °C). Calcd for Na2BiCl5•H2O: 86.0%. Found: 87.2% (95–150 
°C). Calcd for Na2BiCl3: 69.1%. Found: 69.0% (150–310 °C). 
K7Bi3Cl16, 2. The procedure described for Na2BiCl5•5H2O was followed using KCl (74.0 mg, 0.993 
mmol) and BiOCl: (263 mg, 1.01 mmol). The use of higher KCl:BiOCl ratios resulted in the formation of 
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KCl crystals along with the product crystals. Clear, colorless diamond-shaped block crystals were isolated 
(120 mg, 0.0817 mmol, 57.6%). Bi AAS calcd. 42.7%. Found 39.8%. TGA Calcd for K3Bi2Cl9 58.2. Found: 
59.3 (205–270 °C). 
Rb3BiCl6•0.5H2O, 3. The procedure described for Na2BiCl5•5H2O was followed using RbCl (179 
mg, 1.48 mmol) and BiOCl (130 mg 0.499 mmol). Pale yellow diamond crystals were isolated (195 mg 
0.284 mmol, 57.5% yield). Bi AAS calcd. 30.4%. Found 29.9%. TGA Calcd for Rb3BiCl6: 98.2%. Found: 
98.6% (65–125 °C). No further mass loss <600 °C.   
Cs3BiCl6, 4. BiOCl (260.4 mg, 1.000 mmol) was dissolved in 4.0 mL of conc. HCl, and CsCl (505 mg, 
3.00 mmol) was dissolved in 4.0 mL deionized water. The BiOCl solution was filtered and then added 
drop-wise into the CsCl solution forming a white precipitate in a colorless solution. After centrifugation, 
the supernatant was discarded. The precipitate was then dissolved in 8.0 mL of 50% HCl with heating. 
The resulting clear solution was placed warm in a sealed vial. Colorless plate crystals formed during 
cooling, first to ambient temp., and then to 7 °C. Clear, colorless plates were isolated (227 mg, 0.277 
mmol, 27.7%). Bi AAS calcd. 25.5%. Found 25.7%. TGA No mass loss <600 °C. 
Cs3Bi2Cl9, 5. The procedure described for Cs3BiCl6 was followed using 521 mg (2.00 mmol) BiOCl 
and CsCl (505 mg, 3.00 mmol). Clear, colorless block crystals were isolated (345 mg, 0.304 mmol, 30.4%). 
Bi AAS calcd. 36.8%. Found 35.9%. TGA Calcd for Cs3Bi2Cl6: 72.2%. Found: 75.8% (230–280 °C). Calcd for 
Cs2BiCl5: 57.4%. Found: 60.3% (370–500 °C). 
2.4 X-ray Crystallography. 
All crystals were mounted on glass fibers. All measurements were made using graphite-
monochromated Mo Kα radiation on a Bruker-AXS three-circle diffractometer, equipped with a SMART 
Apex II CCD detector. Relatively small crystals were used in all cases to help lessen absorption effects. 
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Initial space group determination was based on a matrix consisting of 120 frames. The data were 
reduced using SAINT+ [29], and empirical absorption correction applied using SADABS [30].  
Structures were solved using intrinsic phasing. Least-squares refinement for all structures was 
carried out on F2. The non-hydrogen atoms were refined anisotropically. Water hydrogen atoms were 
located in the difference map and then fixed in riding positions and refined isotropically. Structure 
solution, refinement, and the calculation of derived results were performed using the SHELXTL package 
of computer programs [31] and ShelXle [32]. Details of the X-ray experiments and crystal data are 
summarized in Table 1. Selected bond lengths and bond angles are given in Table 2.  
2.5 Steady State Luminescence Measurements. 
 Steady-state luminescence scans were run at 77 K. No luminescence was observed at 
298 K. Spectra were taken with a Model Quantamaster-1046 photoluminescence spectrometer from 
Photon Technology International using a 75W xenon arc lamp combined with two excitation 
monochromators and one emission monochromator. A photomultiplier tube at 800 V was used as the 
emission detector. The samples were mounted on a copper plate using non-emitting copper-dust high 
vacuum grease and done under dry N2 conditions. All scans were run under vacuum using a Janis ST-100 
optical cryostat. Low temperature scans used liquid nitrogen as coolant. 
 
3. Results and Discussion: 
3.1 Synthesis. 
  Double salts of BiCl3 and alkali chlorides (MCl) are readily formed by reaction of BiOCl in 
concentrated HCl and MCl in water, as indicated in equation (1).  
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y MCl (aq) + x BiOCl (18 M HCl) → MxBiyCl(x+3y)•zH2O    (1) 
Clear, colorless solutions form immediately upon combination of the two solutions for M = Li, Na, K, Rb. 
In the case of Cs, the solid that is formed can be dissolved by gently heating the suspension. Slow 
evaporation of the aqueous mixtures for M = Na, K, Rb produces large colorless or nearly colorless 
crystals of a single habit in each case. X-ray diffraction proved these products to be Na2BiCl5•5H2O (1), 
K7Bi3Cl16 (2), and Rb3BiCl6•0.5H2O (3). Once the favored product stoichiometries were established, new 
crystallization experiments were carried out using the favored MCl:BiOCl ratios. In the case of M = K, use 
of the product KCl:BiOCl = 7:3 ratio afforded the desired diamond-shaped 2 blocks; however, large 
polyhedral KCl crystals were also formed. In order to overcome this difficulty, the reaction was carried 
out using a 1:1 ratio of KCl and BiOCl. 
In the case of Cs, simple evaporation of the aqueous solution yielded colorless crystals of two 
habits: long blades and hexagonal blocks. Nevertheless, careful control of stoichiometry and slow 
cooling without evaporation allowed for isolation of the two compounds independently. These crystals 
proved to be Cs3BiCl6 (4, plates) and Cs3Bi2Cl9 (5, blocks) by X-ray diffraction. In all cases, bismuth 
analysis by AAS confirmed the expected Bi content values. The LiCl-BiCl3 product required solution 
crystallization in a desiccator over Drierite. However, all efforts to isolate the resulting long, colorless 
prism crystals for X-ray diffraction or other analysis were thwarted by nearly immediate deliquescence 
of the crystals, resulting in their self-dissolving. 
3.2 Structural Descriptions. 
 All of the MxBiyCl(x+3y)•zH2O double salts reported herein are novel, except for that of Cs3Bi2Cl9, 5 
[16,17]. Nevertheless, a second CsCl:BiCl3 phase having a new stoichiometry was identified herein, i.e. 
Cs3BiCl6, 4. The M = K salt, K7Bi3Cl16 (2), proved to be distinct from the previously-reported 
4K3BiCl6•2KCl•K[H3F4] [13] or K4Bi2Cl10•4H2O [14]. Each double salt formed a network structure as a 
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result of chloride bridging between Bi(III) and M(I) centers. In addition, several showed Bi–Cl–Bi 
bridging. In all structures, Bi−Cl bonds (2.5−2.9 Å) are shorter than M−Cl bonds (Na−Cl = 2.8−3.0 Å, K−Cl 
= 3.2−3.4 Å, Rb−Cl = 3.15−3.45 Å, Cs−Cl = 3.4−3.6 Å). This reflects that stronger Lewis acidic character 
and more robust and geometrically-fixed coordination sphere associated with Bi(III). Bismuth ions are 
invariably located in near-perfect octahedral coordination environments, while the M(I) coordination is 
seen to vary widely. 
The sodium double salt Na2BiCl5•5H2O (1) crystallizes in the centrosymmetric monoclinic space 
group P21/c. Its network structure consists of three sets of infinite chains running parallel to the c-axis. 
One of these is a (BiCl5)n2n– zigzag chain (see Chart 1). This chain is composed of cis,cis,trans-[BiCl2(µ2-
Cl)2(µ3-Cl)2] corner-sharing octahedra, with the chain propagating through cis pairs of µ2-Cl (A in Fig. 1). 
The bridging Bi1−Cl1−Bi1 angle in chain A is significantly non-linear at 143.90(5)°. The trans-oriented µ3-
Cl atoms link Bi to pairs of Na+ ions in chains B and C. Chain B consists of edge-sharing mer,cis-Na(µ3-
Cl)3(µ-H2O)2(H2O) units. Chain C consists of alternating, edge-sharing trans-Na(µ3-Cl)2(OH2)4 and Na(OH2)6 
octahedra. Multiple O−H…Cl and O−H…O hydrogen bonds are present. The cis-Cl−Bi−Cl bond angles are in 
the range 81.517(16)–99.38(4)°. All terminal M−Cl bonds are shorter than bridging M−Cl. Bridging atoms 
show unsymmetrical bonding, e.g. µ2-Cl−Bi = 2.7908(12), 2.9561(12) Å, µ3-Cl−Bi = 2.6940(12), 2.7501(12) 
Å, µ3-Cl−Na = 2.818(2), 2.8411(12), 2.875(2), 2.961(2) Å. Although µ3-Cl2 is nearly planar (angle sum = 
355.97°), µ3-Cl3 is slightly pyramidal (angle sum = 327.13°). 
 
Figure 1. X-ray structure of Na2BiCl5•5H2O, 1. Top: Ball and stick rendering of 1 viewed down the c-axis. 
H atoms omitted. Bottom: Polyhedral model viewed down the c-axis. Key to all X-ray structures: Bi = 
orange balls in translucent polyhedra, Cl = green balls, alkali metal = purple balls, O = red balls, H = white 
balls. 
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 The potassium double salt K7Bi3Cl16 (2) crystallizes in the centrosymmetric trigonal 
(rhombohedral) space group R−3. The unit cell is very large (V = 13951(2) Å3) and the structure is rather 
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complicated. Bismuth atom Bi1 is fully independent, and pairs of these atoms form (Bi2Cl10)4– edge-
sharing pairs of octahedra (see Chart 1). Similar dimers are seen in K4Bi2Cl10•4H2O [15]. Atom Bi2 lies on 
a −3 axis and is 1/3 independent, while Bi3 lies on both a −3 axis and a c -glide and is 1/6 independent. 
Both Bi2 and Bi3 form independent (BiCl6)3– octahedra. The cis-Cl−Bi−Cl bond angles are in the range 
80.83(5)–99.06(6)°. Atoms K1, K3, and K6 (each 1/3 independent) are each found in KCl6 trigonal 
prismatic geometry. K5 (fully independent) forms KCl6 as a capped square pyramid. Atom K2 (1/2 
independent) forms KCl7 as a capped trigonal prism, while K4 (fully independent) forms KCl8 as a square 
antiprism. Chlorine atom Cl1 (1/2 independent) forms a trigonal planar KBi2Cl unit, while Cl3 and Cl6 
(both fully independent) forms planar T-shaped and trigonal K2BiCl units. Chlorine Cl7 (fully 
independent) forms a see-saw K3BiCl unit. Chlorines Cl2, Cl4, and Cl9 (all fully independent) form K4BiCl 
square pyramids with apical Bi in the case of Cl2 and Cl4 and apical K in the case of Cl9.  
Figure 2. X-ray structure of K7Bi3Cl16, 2. Top: Ball and stick rendering of 2 viewed down the a-/b-axis 
bisector. All bonds to K omitted. Bottom: Polyhedral model viewed down the a-/b-axis bisector.  
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 The rubidium double salt Rb3BiCl6•0.5H2O (3) crystallizes in the centrosymmetric orthorhombic 
space group Pnma. It is isomorphic with (NH4)3BiCl6, a double salt which differs from 3 in its lack of water 
[18]. It is composed of two half-independent Bi(III) ions (Bi1 lies on a mirror plane and Bi2 on an 
inversion center), both of which are in octahedral coordination. These (BiCl6)3– octahedra are isolated 
from one another. The cis-Cl−Bi−Cl bond angles are in the range 84.79(7)–96.68(11)°. Fully independent 
atoms Rb1 and Rb2 form tricapped trigonal prisms of RbCl8(OH2). Fully independent Rb3 atom is in a 
bicapped trigonal prism coordination environment of RbCl8. The water oxygen is 1/2 independent, 
sitting on a mirror plane and lies in a very unusual square planar arrangement amongst four Rb+ ions. 
Chloride Cl2 has a bent geometry: RbBiCl. Chlorides Cl3 and Cl7 (half independent) are found in square 
pyramidal environments: Rb4BiCl with Bi apical. Chlorides Cl1 and Cl4 are found in trigonal planar Rb2BiCl 
and see-saw Rb3BiCl geometries, respectively. Finally, chlorides Cl6 and Cl5 are in trigonal pyramid 
Rb2BiCl and square planar Rb3BiCl environments, respectively.  
Figure 3. X-ray structure of Rb3BiCl6•0.5H2O, 3. Top: Ball and stick rendering of 3 viewed down the c-axis. 
K–Cl bonds omitted; H atoms omitted. Bottom: Polyhedral model viewed down the c-axis.  
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 The less bismuth-rich of the two CsCl-BiCl3 double salts was Cs3BiCl6 (4). It crystallized in the 
centrosymmetric orthorhombic space group Pbcm. Structurally, it is relatively similar in structure to 3, 
and numerous other such double salts, having isolated (BiCl6)3– octahedra. However, it lacks any water 
of hydration. As with the Rb-Bi salt, both half-independent Bi(III) ions are located in isolated (BiCl6)3– 
octahedra. The cis-Cl−Bi−Cl bond angles are in the range 83.95(7)–98.80(10)°. Cesium cations Cs1 and 
Cs2 are capped trigonal prisms CsCl7 and Cs3 has an unusual pentagonal planar CsCl5 arrangement with 
six additional long Cs…Cl contacts of 3.837−4.337 Å lying in roughly octahedral positions with the 3-fold 
Oh axis coincident with the D5h axis. Chloride ions Cl1 and Cl2 form in Cs4BiCl square pyramid 
arrangements (Bi apical) located at mutually trans positions on Bi1. Both Cl1 and Cl2 are 1/2 
independent, lying on the same mirror plane with Bi1. Atoms Cl3 and Cl4 are both found in see-saw 
geometry with coordination sphere of Cs3BiCl. Cl5 is in a roughly square planar arrangement, Cs3BiCl, 
however two addition Cs atoms at apical positions are located only 3.924 and 4.337 Å away. Cl6 is in a 
square pyramid arrangement, Cs4BiCl, with the additional Cs+ that would complete the octahedron lying 
4.120 Å distant from Cl6. Cl7 is in a roughly octahedral coordination environment, Cs5BiCl; however, two 
of the six Cs…Cl bonds are rather long: 3.874 and 4.111 Å. 
 
Figure 4. X-ray structure of Cs3BiCl6, 4. Top: Ball and stick rendering of 4 viewed down the b-axis. All 
bonds to Cs omitted. Bottom: Polyhedral model viewed down the a-axis. 
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 The more bismuth-rich of the two CsCl-BiCl3 double salts proved to be Cs3Bi2Cl9 (5). This is a 
known structure [16] which was re-determined here at 100 K with only modest contraction of the unit 
cell noted. A high temperature polymorph is also known [17]. Compound 5 crystallizes in the 
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centrosymmetric orthorhombic space group Pnma (having been previously reported in the non-standard 
setting Pmcn). Compound 5 is a member of a well-known group of A3M2X9 compounds in which the A 
ion is typically a halide ion and X is typically a halide ion [33]. These compounds show near close packing 
of the A and X ions. The trivalent M cations occupy 2/3 of the octahedral holes. Thus, the A3M2X9 
structure is a defective variant of the Perovskite arrangement with one third of the octahedral sites 
remaining vacant: Cs[Bi2/3⃝1/3Cl3] (⃝ = vacant site). 
For compound 5, as with 3 and 4, two half-independent Bi(III) ions are present, both of which sit 
on mirror planes in this case. However, the present case the octahedra are linked. At each Bi fac trios of 
µ2-Cl produce corner-sharing of octahedra, forming (Bi2Cl9)n3n– zigzag ladders (see Chart 1). The pairs of 
zigzag chains in the ladders are related to the single-strand zigzag chains seen in 1; however, the 
Bi1−Cl2−Bi2 angle along the chain and the Bi1−Cl3−Bi2 angle that creates the pairs of octahedra are 
more linear in this case: 176.58(12) and 174.00(17)°, respectively. The cis-Cl−Bi−Cl bond angles are in the 
range 82.69(12)–98.27(13)°. All three cesium atoms are half-independent, and each shows 12-
coordination CsCl12 in quasi-closed packed arrangement. The Cs−Cl bonds are generally rather long: 
3.600(3)−3.901(4) Å. The resulting regular cuboctahedra share corners and square faces. Half 
independent Cl1 is located on a 21 screw axis and is found in see-saw geometry with coordination sphere 
of Cs3BiCl. Atoms Cl2 and Cl3 (which is half-independent being found on a mirror plane) are in a trans-
Cs4Bi2Cl octahedral coordination spheres. Atoms Cl4, Cl5 (which is half-independent being located on a 
mirror plane), and Cl6 are in Cs4BiCl square pyramid geometries with apical cesium for Cl4 and apical Bi 
for Cl5 and Cl6.  
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Figure 5. X-ray structure of Cs3Bi2Cl9, 5. Top: Ball and stick rendering of 5 viewed down the c-axis (inset: 
Perovskite-like cubic arrangement of K+ ions around BiCl6). All bonds to Cs omitted. Bottom: Polyhedral 
model viewed down the b-axis. 
 
 
 
3.3 Photophysical Results. 
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 Spectroscopic analysis results show weakly luminescent behavior at 78 K for four of the five 
compounds reported herein (1, 2, 3, and 5). Each shows prominent excitation peaks near 295 nm, 340 
nm, and 380 nm (Tables 3 and 4 and see Figure 6). In the case of Cs3Bi2Cl9, 5, the excitation peak at 295 
nm becomes more pronounced as the sample is cooled from 298 K to 78 K. But, otherwise, the 
excitation peaks remained fixed in wavelength despite variations amongst the four double salts. This 
lack of variation in excitation suggests that energy absorption is strictly associated with the 
chlorobismuthate(III) anions, with little difference between cluster type, and no contribution from the 
cations.  
Figure 6. Solid state luminescence excitation (left) and emission (right) spectra for compounds 1, 2, 3, 
and 5. 
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Emission intensity for the bismuth chloride double salts was generally weak, with Na+, K+, and 
Rb+ compounds 1, 2, and 3 each producing a single emission peak centered at approximately 430–450 
nm. Interestingly, the emission spectrum for compound 5 revealed more detail, showing distinct 
emission peaks at 424 nm, 448 nm, and 481 nm. No such fine structure was observed with any of the 
other species. Vibrational relaxation from the lowest excited electronic state to the ground state can 
explain the single emission peak seen in compounds 1, 2, and 3. For compound 5 a transition of 5c → 
5a′, 5b′, 5c′ can be assigned to progression in vibrational modes with an average of 1,400 cm–1 (see 
Table 4). The cesium compound Cs3BiCl6, 4 was non-luminescent.  
Excitation luminescence in the double salts reported herein agree with previous work by Pelle et 
al. who report three absorption bands for Cs2NaBiCl6 crystals [34,35]. These absorption bands are 
1 
2 
3 
5 
a b 
c 
aˈ cˈ 
bˈ 
a 
b 
c 
aˈ 
a b 
c 
aˈ 
a 
b 
c 
aˈ 
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generally understood to arise from unique octahedral coordination of bismuth chloride clusters [35]. 
These peaks are assigned to the electronic transition from the antibonding HOMO consisting of the Bi 6s 
and Cl 3s and 3p to the LUMO composed of the strictly Bi 6p and Cl 3s [34]. Due to the low energy of the 
Cs 5p and Bi 5d states, it is generally understood that these play little role in electronic transitions [34]. 
Studies in BiOCl systems offer further support for observed excitation spectra. These systems have also 
been reported to consist of a HOMO comprised of Cl 3p and a LUMO composed of Bi 6p [36,37]. The 
resulting charge transfer occurs across an indirect band gap.  
Studies on BiOCl cite packing of the crystal lattice as important with respect to electron 
excitation due to the nonbinding interaction between the HOMO and LUMO [36,37]. The open packing 
of BiOCl has been credited with the success of long-lived electron-hole separation [37]. This conclusion is 
supported in studies on Cs2NaBiCl6 in which thermal motion of cesium ions can lead to crystal instability 
[38]. Thermal instability may explain the lack of luminescence seen in 4, which has a relatively high 
cesium content. Close association of cesium ions with the bismuth chloride clusters is supportive of the 
pathway proposed by Pelle et al. in which excitation results in electronic transition from the HOMO into 
the conduction band associated with the Cs 6s [34]. The presence of isolated (BiCl6)3– octahedra (2, 3), 
(Bi2Cl10)4– dimers (2), (BiCl5)n2n– chains (1), or (Bi2Cl9)3n– ladders (5) appears to have no influence on the 
luminescence results in these double salts. 
 
Conclusions:  
 The series of alkali(I)-bismuth(III) chloride double salts, MxBiyCl(x+3y)•zH2O, have been prepared 
from water for M = Na, K, Rb, and Cs. For M = Li the double salt was highly deliquescent and so the 
double salt was not isolated. In the four double salts analyzed, network structures were formed as a 
result of chloride bridging between (BiCl6)3– octahedra and M+ ions. Sodium salt Na2BiCl5•5H2O (1) 
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consists of three sets of infinite chains: cis,cis,trans-[BiCl2(µ2-Cl)2(µ3-Cl)2] comprising corner-sharing 
octahedra, edge-sharing mer,cis-Na(µ3-Cl)3(µ-H2O)2(H2O), and alternating, edge-sharing trans-Na(µ3-
Cl)2(OH2)4 and Na(OH2)6 octahedra. Potassium salt K7Bi3Cl16 (2) crystallizes into a very large trigonal unit 
cell. Bismuth atom positions include edge-sharing pairs of octahedra, (Bi2Cl10)4– and independent (BiCl6)3– 
octahedra. Potassium ions exhibit a variety of coordination environments in 2. Rubidium salt Rb3BiCl6 (3) 
is composed of (BiCl6)3– octahedra that are bridged to RbCl8(OH2) tricapped trigonal prism and RbCl8 
bicapped trigonal prism coordination. The water oxygen lies in a very unusual square planar 
arrangement amongst four Rb+ ions. The two cesium salts Cs3BiCl6 (4) and Cs3Bi2Cl9 (5) are formed 
depending on crystallization conditions. Compound 4 contains isolated (BiCl6)3– octahedra, while 5 
features trans corner-sharing pairs of (BiCl6)3– octahedra that form zigzag (Bi2Cl9)3n– ladders via cis 
pairwise corner-sharing.  
 The similarity of the luminescence spectra of complexes 1, 2, 3, and 5 suggest that the 
photophysical behaviors of these double salts are essentially identical. Cesium complex 4 shows no 
luminescence behavior. Charge transfer excitation with facile non-emissive lattice-based relaxation 
pathways are implicated in these findings. 
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Table 1.  Crystal and Structure Refinement Data. 
 Na2BiCl5•5H2O, 1 K7Bi3Cl16, 2 Rb3BiCl6•0.5H2O, 3 
CCDC deposit no. 1053389 1436534 1436535 
color and habit Colorless prism Colorless plate Yellow plate 
size, mm 0.39 x 0.16 x 0.15 0.39 x 0.35 x 0.08 0.26 x 0.26 x 0.08 
Formula BiCl5H10Na2O5 Bi3Cl16K7 Bi1Cl6H1O0.5Rb3 
formula weight 522.29 1467.84 687.10 
space group P21/c R−3c Pnma 
a, Å 8.6983 (7) 12.7053(9) 12.6778(10) 
b, Å 21.7779(17) 12.7053(9) 25.326(2) 
c, Å 7.1831(6) 99.794(7) 8.1498(7) 
α, deg 90 90 90 
β, deg 103.0540(10) 90 90 
γ, deg 90 120 90 
volume, Å3 1325.54(19) 13951(2) 2616.8(4) 
Z 4 18 8 
ρcalc, Mg m−3 2.617 3.145 3.488 
F000 960 11772 2408 
µ(Cu Kα), mm−1 14.361 19.302 25.767 
Radiation MoKα (λ = 0.71073 Å) MoKα (λ = 0.71073 Å) MoKα (λ = 0.71073 Å) 
temperature, K 100 100 100 
residuals:a R; Rw 0.0268, 0.0539 0.0340, 0.0786 0.0342, 0.0843 
goodness of fit 1.053 1.044 1.115 
peak and hole, eÅ−3 1.031, −1.233 1.482, −2.703 1.907, −2.372 
aR = R1 = Σ||Fo| − |Fc||/ Σ|Fo| for observed data only.  Rw = wR2 = {Σ[w(Fo2 – Fc2)2]/Σ[w(Fo2)2]}1/2 for all 
data. 
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 Cs3BiCl6, 4 Cs3Bi2Cl9, 5 
CCDC deposit no. 1436536 1436537 
color and habit Colorless blade Colorless block 
size, mm 0.18 x 0.09 x 0.03 0.26 x 0.16 x 0.09 
Formula BiCl6Cs3 Bi2Cl9Cs3 
formula weight 820.41 1135.74 
space group Pbcm Pnma 
a, Å 8.2463(9) 18.4615(15) 
b, Å 12.9980(15) 7.5752(6) 
c, Å 26.481(3) 13.0807(11) 
α, deg 90 90 
β, deg 90 90 
γ, deg 90 90 
volume, Å3 2838.4(6) 1829.3(3) 
Z 8 4 
ρcalc, Mg m−3 3.840 4.124 
F000 2800 1936 
µ(Cu Kα), mm−1 21.085 23.379 
Radiation MoKα (λ = 0.71073 Å) MoKα (λ = 0.71073 Å) 
temperature, K 100 100 
residuals:a R; Rw 0.0346, 0.0824 0.0411, 0.1229 
goodness of fit 1.065 1.141 
peak and hole, eÅ−3 7.162, −2.205 3.014, −5.928 
aR = R1 = Σ||Fo| − |Fc||/ Σ|Fo| for observed data only.  Rw = wR2 = {Σ[w(Fo2 – Fc2)2]/Σ[w(Fo2)2]}1/2 for all 
data. 
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Table 2. Selected bond lengths (Å) and angles (o). 
1, Na2BiCl5•5H2O 
Bi–Cla 2.5275(11), 2.6110(12) Cl–Bi–Cl (cis) 81.517(16)–99.38(4) 
Bi–Clb 2.7908(12), 2.9561(12) Cl–Bi–Cl (trans) 169.52(4)–174.83(4) 
Bi–Clc 2.6940(12), 2.7501(12) Cl–Na–Cl (cis) 83.89(6), 110.21(7) 
Na–Clc 2.818(2), 2.8411, 2.875(2), 
2.961(2) 
Cl–Na–Cl (trans) 163.61(8), 180 
Na–Oa 2.318(4), 2.428(4) Cl–Na–O (cis) 81.09(10)–96.31(11) 
Na–Ob 2.358(4), 2.373(4), 
2.389(4), 2.403(3), 
2.430(4), 2.440(4),  
Cl–Na–O (trans) 166.68(11) 
  O–Na–O (cis) 80.78(13)–105.44(13) 
  O–Na–O (trans) 173.41(15)–180 
  Bi–Cl–Bi 143.90(5) 
  Bi–Cl–Na 117.03(6), 117.24(5), 122.94(4), 
125.78(6) 
  Na–Cl–Na 84.12(5), 115.99(5) 
2, K7Bi3Cl16 
Bi–Cl 2.5531(18)–2.9003(16) Cl–Bi–Cl (cis) 80.83(5)–99.06(6) 
K–Cl 3.066(3)–3.735(2)  Cl–Bi–Cl (trans) 171.53(6), 176.60(5), 176.96(6), 
179.74(5) 
  Cl–K–Cl  59.26(4)–153.85(5) 
  Bi–Cl–Bi 99.05(7), 99.28(7) 
  Bi–Cl–K 80.71(5)–166.70(8) 
  K–Cl–K 81.84(5)–166.08(8) 
3, Rb3BiCl6•0.5H2O 
Bi–Cl 2.6715(18), 2.6862(18), Cl–Bi–Cl (cis) 84.79(7)–96.68(11)  
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2.685(2), 2.708(2), 
2.7290(19), 2.731(2), 
2.7411(18) 
Rb–Cl 3.1505(19)–3.892(3) Cl–Bi–Cl (trans) 178.29(8), 179.98(8), 180.0 
Rb–O 3.212(10), 3.278(10) Cl–Rb–Cl  64.15(5)–158.00(6) 
  Rb–O–Rb (cis) 89.5(3), 89.61(2), 91.3(3) 
  Rb–O–Rb (trans) 179.0(4) 
  Cl–Rb–O 56.5(2)–137.7(2) 
  Bi–Cl–Rb 82.10(5)–164.37(7) 
  Rb–Cl–Rb 81.30(5)–173.67(6) 
4, Cs3BiCl6 
Bi–Cl 2.680(2), 2.690(2), 
2.706(2), 2.711(3), 
2.713(3), 2.721(2), 
2.727(2) 
Cl–Bi–Cl (cis) 84.69(9)–98.80(10)  
Cs–Cl 3.358(2)–4.120(2) Cl–Bi–Cl (trans) 176.25(7), 177.25(7), 178.09(11), 
178.44(8) 
  Cl–Cs–Cl  64.00(5)–157.64(6) 
  Bi–Cl–Cs 81.08(5)–169.07(8) 
  Cs–Cl–Cs 77.61(4)–177.58(7) 
5, Cs3Bi2Cl9 
Bi–Cl 2.510(4), 2.523(3), 
2.587(3), 2.587(4), 
2.816(3), 2.823(4), 
2.853(3), 2.866(4) 
Cl–Bi–Cl (cis) 82.69(12)–98.27(13)  
Cs–Cl 3.600(3)–3.901(4) Cl–Bi–Cl (trans) 169.52(9), 170.96(13), 175.14(9), 
177.38(13) 
  Cl–Cs–Cl  56.94(7)–179.57(9) 
  Bi–Cl–Bi 174.00(17), 176.58(12) 
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  Bi–Cl–Cs 86.83(10)–156.89(15) 
  Cs–Cl–Cs 87.36(7)–179.61(11) 
aterminal atom. bµ2 atom. cµ3 atom.  
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Table 3.  Luminescence excitation and emission energy data at 78 K. 
         Complex Peak Assignment λ, Excitation (nm) λ, Emission (nm) Peak Energy (cm–1) 
1, Na2BiCl5 1a 289 – 34,600 
 1b 337 – 29,700 
 1c 376 – 26,600 
 1a′ – 434 22,800 
2, K7Bi3Cl16 2a 295 – 33,900 
 2b 337 – 29,700 
 2c 376 – 26,600 
 2a′ – 439 22,800 
3, Rb3BiCl6•0.5H2O 3a 294 – 34,000 
 3b 339 – 29,500 
 3c 378 – 26,500 
 3a′ – 450 22,200 
4, Cs3BiCl6 non-luminescent 
5, Cs3Bi2Cl9 5a 295 – 33,900 
 5b 341 – 29,300 
 5c 380 – 26,300 
 5a′ – 424 23,600 
 5b′ – 448 22,300 
 5c′ – 441 20,800 
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Table 4.  Calculated Stokes shifts at 78 K. 
         Complex         Transition Initial Electronic 
State (nm) 
Final Electronic 
State (nm) 
Stokes Shift (cm–1) 
1, Na2BiCl5 1c → 1a′ 376 434 3,550 
2, K7Bi3Cl16 2c → 2a′ 376 439 3,820 
3, Rb3BiCl6•0.5H2O 3c → 3a′ 378 450 4,230 
5, Cs3Bi2Cl9 5c → 5a′ 380 424 2,730 
 5a′ → 5b′ 424 448 1,260 
 5b′ → 5c′ 448 481 1,530 
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Grpahical Abstract: 
 The double salts Na2BiCl5•5H2O, K7Bi3Cl16, Rb3BiCl6•0.5H2O, Cs3BiCl6, and Cs3Bi2Cl9 were formed 
by co-crystallization of MCl (M = Na, K, Rb, Cs) with BiOCl in aqueous HCl. The crystal structures and solid 
state luminescence are reported.   
 
 
